Protein ubiquitination is critical for numerous cellular functions, including DNA damage response pathways [1, 2] . Histones are the most abundant monoubiquitin conjugates in mammalian cells; however, the regulation and the function of monoubiquitinated H2A (uH2A) and H2B (uH2B) remain poorly understood. In particular, little is known about mammalian deubiquitinating enzymes (DUBs) that catalyze the removal of ubiquitin from uH2A/uH2B. Here we identify the ubiquitin-specific protease 3 USP3 as a deubiquitinating enzyme for uH2A and uH2B. USP3 dynamically associates with chromatin and deubiquitinates H2A/H2B in vivo. The ZnF-UBP domain of USP3 mediates uH2A-USP3 interaction. Functional ablation of USP3 by RNAi leads to delay of S phase progression and to accumulation of DNA breaks, with ensuing activation of DNA damage checkpoint pathways. In addition, we show that in response to ionizing radiation, (1) uH2A redistributes and colocalizes in g-H2AX DNA repair foci and (2) USP3 is required for full deubiquitination of ubiquitin-conjugates/uH2A and g-H2AX dephosphorylation. Our studies identify USP3 as a novel regulator of H2A and H2B ubiquitination, highlight its role in preventing replication stress, and suggest its involvement in the response to DNA double-strand breaks. Together, our results implicate USP3 as a novel chromatin modifier in the maintenance of genome integrity.
Protein ubiquitination is critical for numerous cellular functions, including DNA damage response pathways [1, 2] . Histones are the most abundant monoubiquitin conjugates in mammalian cells; however, the regulation and the function of monoubiquitinated H2A (uH2A) and H2B (uH2B) remain poorly understood. In particular, little is known about mammalian deubiquitinating enzymes (DUBs) that catalyze the removal of ubiquitin from uH2A/uH2B. Here we identify the ubiquitin-specific protease 3 USP3 as a deubiquitinating enzyme for uH2A and uH2B. USP3 dynamically associates with chromatin and deubiquitinates H2A/H2B in vivo. The ZnF-UBP domain of USP3 mediates uH2A-USP3 interaction. Functional ablation of USP3 by RNAi leads to delay of S phase progression and to accumulation of DNA breaks, with ensuing activation of DNA damage checkpoint pathways. In addition, we show that in response to ionizing radiation, (1) uH2A redistributes and colocalizes in g-H2AX DNA repair foci and (2) USP3 is required for full deubiquitination of ubiquitin-conjugates/uH2A and g-H2AX dephosphorylation. Our studies identify USP3 as a novel regulator of H2A and H2B ubiquitination, highlight its role in preventing replication stress, and suggest its involvement in the response to DNA double-strand breaks. Together, our results implicate USP3 as a novel chromatin modifier in the maintenance of genome integrity.
Results and Discussion
USP3 Is a Chromatin-Associated DUB To identify nuclear proteins involved in histone (de)ubiquitination, we employed affinity chromatography on Ub-agarose of chromatin-enriched nuclear fractions. MALDI-TOF mass spectrometric analysis identified the E1 enzyme and the DUBs Ub-specific protease 5 (USP5/ isopeptidase T) and Ub-specific protease 3 (USP3) as proteins specifically interacting with Ub-agarose ( Figure 1A ).
USP3 has been characterized as a functional DUB in vitro, and it is the human DUB most homologous to S. cerevisiae Ubp8, which regulates H2B deubiquitination [3] [4] [5] . Analysis of USP3 subcellular localization confirmed that USP3 is a nuclear protein and that it is present in the chromatin fraction ( Figure S1 in the Supplemental Data available online).
USP3 Regulates the Cellular Levels of Ubiquitinated H2A and H2B
To address a potential function of USP3 in chromatin regulation, we ectopically expressed USP3 in HeLa cells and analyzed the ubiquitination state of histones (Figures 1B-1D ). Approximately 5%-15% of histone H2A and less than 1% of H2B are monoubiquitinated, making them the two major monoubiquitinated chromosomal proteins [5] . uH2A was detected by immunoblotting with anti-Ub, anti-H2A antibodies (Ab), or a monoclonal Ab specific for uH2A [6] , and direct anti-H2B immunoblot visualized uH2B (Figures 1C and 1D ; Figure S2A ). Both uH2A and uH2B amounts were significantly reduced upon USP3 overexpression ( Figures 1C and  1D ). In contrast, USP5 did not affect the levels of uH2A ( Figure S2B ). USP3 did not alter the total pool of ubiquitinated proteins (not shown).
Next, we knocked down USP3 expression in HeLa cells (USP3-KD) by small interfering RNA (siRNA). Efficient reduction of USP3 protein was accompanied by a significant increase in the levels of uH2A and, to a lesser extent, of uH2B ( Figure 1E ). Altogether, these data strongly suggest that USP3 is required for H2A and H2B deubiquitination in vivo.
USP3 Binds to uH2A and Dynamically Interacts with Chromatin In Vivo USP3 harbors two conserved protein domains [3] : a catalytic domain of the Ub-specific protease (USP) class and a zinc finger (ZnF-UBP) Ub-binding domain [1] . USP3 mutants were generated and monitored for their deubiquitination activity and histone binding ( Figures  2A-2C ). To generate an inactive USP3 mutant, we substituted a serine for the catalytic cysteine of USP3 (Myc-USP3 C168S ) [7] . To test the potential role of the ZnF-UBP in ubiquitin/ubiquitinated histone interaction, we mutated the Zn-binding, conserved histine to alanine (Myc-USP3 H56A ) ( Figure S3 ). Only wild-type USP3 significantly reduced the total pool of uH2A, showing that both protease activity and an intact zinc finger are required for H2A deubiquitination ( Figure 2B ).
To address histone binding, we expressed pIG-USP3 wt , pIG-USP3
C168S
, or pIG-USP3 H56A proteins and performed coimmunoprecipitation. uH2A could be efficiently coimmunoprecipitated with IG-USP3 C168S but less efficiently with WT USP3 (Figure 2C ), possibly because of rapid release of WT USP3 after catalysis. Similarly, strong interaction between uH2A and purified IG-USP3
C168S was detected in in vitro pull-down assays, indicating that USP3 can directly contact its substrate ( Figure S4 ). In the IG-USP3
C168S immunoprecipitates, we also detected native nonubiquitinated core histones ( Figure 2C ). However, whereas in bulk chromatin about 5%-15% of total H2A is ubiquitinated [5] , in IG-USP3C 168S immunoprecipitates, a 1:1 uH2A/H2A ratio was detected, indicating enrichment for uH2A ( Figure 2C , IB anti-H2A). Increase of uH2B was less apparent. These results suggest that USP3 is directed to chromatin by a preferential interaction with uH2A. Consistently, the mutation in the ZnF UBP significantly reduced USP3-uH2A interaction both in vivo and in vitro ( Figure 2C ; Figure S4 ), indicating that this is the principal domain mediating the interaction with ubiquitin [1] . Immunoblot with anti-Ub Ab revealed that uH2A is the most abundant ubiquitinated protein coimmunoprecipitating with USP3 C168S , suggesting that uH2A represents a major USP3 substrate ( Figure 2C ).
Through an immunofluorescence approach, we could confirm that the interaction of GFP-USP3 C168S with its chromatin substrate is more stable than that of GFP-USP3 wt ( Figure 2D ). GFP-USP3 wt and GFP-USP3 mutants were all nuclear. However, in Triton X-100-treated HeLa cells, only GFP-USP3 C168S maintained its nuclear localization. One reasonable explanation for this is that, whereas the active WT protein transiently interacts with its substrate, the catalytic mutant functions as a ''substrate trap.'' Next, we determined the nuclear mobility of GFP-USP3 wt and mutants by FRAP (fluorescent recovery after photobleaching) [8] . A striking difference in fluorescence recovery between GFP-USP3 wt and GFP-USP3 C168S was observed ( Figures 2E and 2F) . Analysis of the fluorescence recovery plots by fitting to curves generated by computer simulation of FRAP [9] revealed that the C168S has a severe impact on both the immobile fraction as on the duration of immobilization. GFP-USP3 C168S displayed a significantly larger immobile fraction (30%) compared to the WT protein (5%), and mutant molecules were permanently immobilized (residence time, defined as 1/K off = infinite; K off = 0), whereas residence time for GFP-USP3 wt was in the subsecond range (0.25 s). GFP-USP3
H56A immobile fraction was comparable to GFP-USP3 wt , whereas its residence time was greatly prolonged (>64 s). This may be explained by a reduced catalytic rate of this mutant, as supported by its inability to deubiquitinate H2A ( Figure 2B ) and consistent with studies on USP5 [10] . The dynamic properties of the WT protein suggest that a significant fraction of USP3 molecules is recruited with a very high frequency and transiently at target sites, probably through an interaction with its substrate(s) uH2A/uH2B, to execute deubiquitination.
USP3 Depletion Delays S Phase Progression and Mitotic Entry
To examine the role of USP3, we knocked down its expression in U2OS cells by siRNA. USP3-KD resulted in slower growth ( Figure S5 ). To investigate whether USP3 depletion altered cell-cycle progression, we synchronized siRNA-transfected cells at the beginning of S phase by thymidine and followed the cell cycle upon release. USP3-KD cells showed a profound delay in S phase progression with most of the cells in middle S phase at 9 hr after release ( Figure 3A) . Also, compared to control cells, only a minor fraction of USP3-KD cells incorporated BrdU at all time points ( Figure 3B ). Therefore, both FACS analysis and 5 0 -BrdU labeling demonstrated that USP3 depletion causes a replication defect. Finally, we found that very few mitotic cells accumulated over time in USP3-KD, compared to control cells ( Figure S6 ). Accumulation of DNA damage during defective DNA replication might cause this delay (see below). We conclude that USP3 is required for proper progression through S phase and subsequent mitotic entry.
Induction of DNA Damage and Checkpoint Activation in USP3-Silenced Cells
One cause of S phase delay and mitotic arrest is DNA damage together with DNA damage checkpoint activation. Chromatin folding and histone modifications play an important role in DNA damage response (DDR) [11] . Therefore, we tested whether USP3-KD could affect genome integrity in nonchallenging conditions. An early response to DNA damage is the phosphorylation of H2AX (g-H2AX) at DNA breaks by the ataxia telangiectasia mutated (ATM) and ATM-and Rad3-related (ATR) checkpoint kinases [12] . As shown in Figures 3C-3E , g-H2AX staining, as well as accumulation of the checkpoint protein 53BP1 [13] in nuclear foci, was enriched in USP3-KD U2OS cells. Complementation experiments showed that USP3 catalytic activity was required to rescue USP3-KD cells from accumulating g-H2AX ( Figure S7 ). To investigate whether DNA damage was present in USP3-KD cells, we performed a comet assay under alkaline conditions [14] . DNA breaks were readily detected in USP3-KD cells ( Figure 3F ). Positive detection of comet tails was not due to a general apoptotic program, because apoptotic-typical nuclear morphology was not evident ( Figure 3C ) and caspase activity was not significantly induced (not shown).
DNA damage or stalled replication activates the ATRChk1 pathway in a manner dependent on the association of the replication protein A (RPA) to single-stranded DNA (ssDNA; [15] ). To assess the presence of ssDNA, we measured BrdU incorporation without prior denaturation of the DNA [16] . Only USP3-depleted cells showed numerous BrdU foci colocalizing with the ssDNA binding protein RPA34, indicating the formation of ssDNA ( Figure 3G) . Consistent with the presence of DNA breaks, there were significantly higher levels of g-H2AX and of activated ATM and ATR targets, Chk2 (phosphorylated at Thr68) and Chk1 (phosphorylated at Ser345) in USP3-KD cells than in control cells (Figure 3H) [12] . Of note, Ser345 is the preferential site for phosphorylation by ATR in response to stalled replication forks [17] , suggesting that the ATR/Chk1 pathway is also activated and that USP3-KD cells undergo replicative stress.
Altogether, these data suggest that USP3 inhibition leads to accumulation of DNA breaks and activation of an ATM/ATR-regulated DNA damage response pathway. Evidence for an Involvement of USP3 in the Response to DNA Damage The above results led us to hypothesize that USP3, possibly through its ability to deubiquitinate H2A/H2B, might affect the response to and/or the repair of exogenous DNA damage. Previous observations suggest that histones are ubiquitinated upon UV damage [18, 19] . Ubiquitination of H2B in S. cerevisiae is required for checkpoint activation upon genotoxic stress [20] . In addition, nuclear foci of conjugated ubiquitin are detected at IR-induced damage sites with an antibody recognizing conjugated Ub (FK2) (Figures S10 and S11; [21, 22] ). We analyzed uH2A upon IR. uH2A redistribution to nuclear foci and significant colocalization with g-H2AX foci and with phosphorylated ATM/ATR substrates (pS/TQ Ab) was observed early upon IR ( Figure 4A; Figures S8 and S9) . Accumulation of Ub conjugates was present in a patient cell line with reduced ATR expression, but was less evident in cells deficient for ATM, which is primarily involved in DSB-induced signaling ( Figure S10 ).
g-H2AX is phosphorylated within minutes upon IR, and its dephosphorylation is required for full recovery from the DDR [23, 24] . We therefore examined the kinetic of formation/disappearance of g-H2AX and uH2A/Ub (FK2) foci upon IR in USP3-silenced cells. At 30 min after IR, there was comparable foci formation in control and USP3-KD cells. However, g-H2AX and uH2A/Ub foci persisted for a prolonged time, with more than 50% of the silenced cells displaying foci up to 40 hr post IR ( Figure 4B ; Figure S11 ). In line with g-H2AX kinetics, USP3-KD cells entered a IR-induced G2 arrest similarly to control cells but showed a prolonged G2/M checkpoint ( Figure S12 ). These data suggest that USP3 plays a role in deubiquitination events, including H2A deubiquitination, at DNA damage sites, and might thereby contribute to an efficient recovery from the DNA damage checkpoint. Whether loss of USP3 leads to a checkpoint defect or rather a DNA repair defect remains to be established.
Conclusions
Our results identify USP3 as a novel regulator of uH2A and uH2B and suggest that USP3 might have an important role in genome-wide H2A deubiquitination. In addition, USP3 KD was genotoxic, leading to DNA damage checkpoint activation. Thus, while we cannot exclude that the effect on the DNA damage checkpoint is due to other putative targets of USP3, our results suggest that USP3 affects the DDR through deubiquitination of its major substrate, uH2A.
How can H2A ubiquitination influence the DNA damage response? A first possibility is that the ubiquitin moiety on H2A could promote recruitment and/or stabilization of regulatory factors, containing ubiquitin-binding domains [1] , that in turn play a role in the DNA damage response/DNA repair. Of note, the ubiquitin-binding protein RAP80 has been shown to bind to ubiquitin conjugates at DSB, thereby promoting BRCA1 recruitment [25, 26] . Second, uH2A could influence post-translational modification of other histones. Such a cross-talk between H2B ubiquitination and H3 methylation has been documented [27] .
In USP3-silenced cells, we observe accumulation of DNA damage, S phase delay, and activation of an ATR/ ATM-regulated checkpoint response. How do these events relate to each other? One plausible explanation is that USP3 might, directly or indirectly, affect the DDR. Under this scenario, ubiquitin conjugates would most likely function as a signal for the presence of DNA damage. Supporting this hypothesis, a number of ubiquitination events have been described at DSBs, including monoubiquitination of repair proteins and accumulation of ubiquitin polymers [2, 26] . Our results suggest that uH2A may be part of this ubiquitin-signaling network. The role of USP3 might involve removal of ubiquitin marks from chromatin(-bound proteins) to attenuate the signal. Absence of USP3 might, thus, lead to hyperactivation of the checkpoint that, in turn, could result in replication and/or recombination abnormalities and genotoxic KD U2OS cells were treated with IR (1Gy) at 48 hr after transfection and stained for g-H2AX (top) or uH2A (bottom) as indicated. Ab staining was merged with DAPI and images were processed to show only the periphery of the nucleus (thin white lines). Scale bars represent 10 mm. Right: g-H2AX foci-positive cells were quantified as described in Figure 3 . Cells containing more than five foci were considered positive for uH2A. The results are the mean of two independent experiments. Shown are the mean 6 SD values. *p < 0.05; **p < 0.001. events. Alternatively, the primary function of USP3 might be related to DNA replication. Replicative stress in the absence of USP3 may lead to stalled or damaged replication forks that would generate single-stranded DNA regions and DNA breaks, and, therefore, checkpoint signals.
uH2A and uH2B have been associated with transcriptional regulation [27] . Thus, the possibility that USP3 is involved also in transcription deserves experimental attention.
In summary, our studies implicate USP3 in DNA damage signaling and reveal a crucial function of USP3 in preventing replication stress.
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